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(57) Abstract: The present invention 
discloses porous fuel cell electrode structures, 
assemblies, and systems having one or more 
conformal metallic layers selectively deposited 
on one or more pore surfaces, as well as 
to various methods relating thereto. In one 
embodiment,the present invention is directed 
to an electrode structure for a fuel cell system, 
such as a hydrogen or a direct hydrocarbon fuel 
cell system, wherein the electrode structure 
comprises a substrat (210) or support structure 
having one or more discrete bulk porous matrix 
regions (220) disposed across a top surface 
(230) of the substrate. In this embodiment, 
each of the one or more discrete bulk porous 
matrix region is defind by acicular pores (240) 
that extend through the substrate or support 
structure. These pores define inner pore 
surfaces, which have a conformal electrically 
conductive layer thereon, as well as a plurality 
of catalyst par tides. 
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POROUS FUEL CELL ELECTRODE STRUCTURES HAVING 
CON FORMAL ELECTRICALLY CONDUCTIVE LAYERS THEREON 

CROSS-REFERENCE TO RELATED APPLICATION 

This application claims the benefit of U.S. Provisional Application 
5 No. 60/345,01 1 filed January 3, 2002 and U.S. Provisional Application No. 60/372,903 
filed April 15, 2002, both of which are incorporated herein by reference in their 
entireties. 

TECHNICAL FIELD 

The present invention relates generally to fuel cells and, more 
10 specifically, to porous fuel cell electrode structures, assemblies, and systems having one 
or more conformal metallic layers selectively deposited on one or more pore surfaces, 
as well as to various methods relating thereto. 

BACKGROUND OF THE INVENTION 

A fuel cell is an energy conversion device that consists essentially of two 

15 opposing electrodes, an anode and a cathode, ionically connected together via an 
interposing electrolyte. Unlike a battery, fuel cell reactants are supplied externally 
rather than internally. Fuel cells operate by converting fuels, such as hydrogen or a 
hydrocarbon (e.g., methanol), to electrical power through an electrochemical process 
rather than combustion. It does so by harnessing the electrons released from controlled 

20 oxidation-reduction reactions occurring on the surface of a catalyst. A fuel cell can 
produce electricity continuously so long as fuel is supplied from an outside source. 

In electrochemical fuel cells employing methanol as the fuel supplied to 
the anode (also commonly referred to as a "Direct Methanol Fuel Cell (DMFC)" 
system), the electrochemical reactions are essentially as follows: first, a methanol 

25 molecule's carbon-hydrogen, and oxygen-hydrogen bonds are broken to generate 
electrons and protons; simultaneously, a water molecule's oxygen-hydrogen bond is 
also broken to generate an additional electron and proton. The carbon from the 
methanol and the oxygen from the water combine to form carbon dioxide. Oxygen 
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from air or oxidant (supplied to the cathode) is likewise simultaneously reduced at the 
cathode. The ions (protons) formed at the anode migrate through the interposing 
electrolyte and combine with the oxygen at the cathode to form water. From a 
molecular perspective, the electrochemical reactions occurring within a direct methanol 
5 fuel cell (DMFC) system are as follows: 

Anode: CH.OH + H 2 0 -± 6H+ + 6e~ + CQ 2 E 0 = 0.04K vs. NHE (1) 
Cathode: + <* ^Hfi E >= L2W ^ NHE (2) 

1551 CH,OH + lo 2 ->2H 2 0 + C0 2 « NHE (3) 

The various electrochemical reactions associated with other state-of-the- 
art fuel cell systems (e.g., hydrogen or carbonaceous fuel) are likewise well known to 
10 those skilled in the art of fuel cell technologies. 

With respect to state-of-the-art fuel cell systems generally, several 
different configurations and structures have been contemplated - most of which are 
still undergoing further research and development. In this regard, existing fuel cell 
systems are typically classified based on one or more criteria, such as, for example: 
15 (1) the type of fuel and/or oxidant used by the system, (2) the type of electrolyte used in 
the electrode stack assembly, (3) the steady-state operating temperature of the electrode 
stack assembly, (4) whether the fuel is processed outside (external reforming) or inside 
(internal reforming) the electrode stack assembly, and (5) whether the reactants are fed 
to the cells by internal manifolds (direct feed) or external manifolds (indirect feed). In 
20 general, however, it is perhaps most customary to classify existing fuel cell systems by 
the type of electrolyte (i.e., ion conducting media) employed within the electrode stack 
assembly. Accordingly, most state-of-the-art fuel cell systems have been classified into 
one of the following known groups: 

1. Alkaline fuel cells (e.g., KOH electrolyte); 
25 2. Acid fuel cells (e.g., phosphoric acid electrolyte); 

. 3. Molten carbonate fuel cells (e.g., L^CCh/K^CCb electrolyte); 

4. Solid oxide fuel cells (e.g., yttria-stabilized zirconia electrolyte); 

5. Proton exchange membrane fuel cells (e.g., NAFION electrolyte). 
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Although these state-of-the-art fuel cell systems are known to have many 
diverse structural and operational characteristics, such systems nevertheless share many 
common characteristics with respect to their electrode structures. For example, one 
5 type of common electrode structures consists essentially of a conductive substrate 
(e.g., metal plate or porous carbon-fiber sheet) that has a substantially planar catalytic 
film/layer thereon (e.g., affixed or embedded catalysts particles). Another type of 
electrode structure consists essentially of a porous bulk matrix substrate (e.g., silicon 
and/or sol-gel) that has catalyst particles chemisorbed on the pore surfaces (see, 

10 e.g., International Publication No. WO 01/37357, which publication is incorporated 
herein by reference in its entirety). Some of the problems associated with existing 
porous electrode structures include, for example: (1) poor catalyst utilization, (2) less 
than optimal electrical conductivity, and (3) mass transfer limitations associated with 
reactants reaching catalytic electrode surfaces. Thus, there is still a need in the art for 

15 improved fuel cell electrode structures, assemblies, and systems. The present invention 
fulfills these needs and provides for further related advantages. 

SUMMARY OF THE INVENTION 

In brief, the present invention relates generally to fuel cells and, more 
specifically, to porous fuel cell electrode structures, assemblies, and systems having a 

20 conformal metallic layer or film on one or more pore surfaces, as well as to methods 
relating thereto. In one embodiment, the present invention is directed to an electrode 
structure adapted for use with a fuel cell system (e.g., a hydrogen or a direct 
hydrocarbon fuel cell system), wherein the electrode structure comprises a substrate or 
support structure having one or more discrete porous bulk matrix regions disposed 

25 across a top surface of the substrate. In this embodiment, each of the one or more 
discrete porous bulk matrix regions is defined by a plurality of pores (e.g., acicular or 
columnar pores) that extend through the substrate or support structure. The plurality of 
pores define inner pore surfaces, and the inner pore surfaces have a conformal 
electrically conductive layer thereon. In further embodiments, the conformal 

30 electrically conductive layer is deposited by an atomic layer deposition (ALD) or an 
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atomic layer epitaxy (ALE) chemical processing technique. As is appreciated by those 
skilled in the art, atomic layer deposition (ALD) is also sometimes referred to as atomic 
layer epitaxy (ALE); in either case, these techniques allow for the deposition of 
precisely controlled films and layers onto profiled substrates (Aarik et al., 
5 "Characterization of Titanium Dioxide Atomic Layer Growth from Titanium Ethoxide 
and Water," Thin Solid Films, 370:163-172 (2000)). For purposes of this application, 
ALD is defined as a chemical gas phase thin film deposition method based on alternate 
saturative surface reactions. 

In some embodiments, the electrode structure of the present invention is 

10 derived from a noncarbonaceous solid substrate such as, for example, a monocrystalline 
silicon wafer or other crystalline material. The plurality of acicular or columnar pores 
may be mesoporous acicular pores, macroporous acicular pores, or a combination 
thereof. In further embodiments, each acicular or columnar pore has a diameter that 
ranges from about 0.5 to 10 microns. The substrate (from which the inventive electrode 

15 structures are derived) may have opposing (and substantially parallel) top and bottom 
surfaces that are spaced equidistant apart from each other. Accordingly, the thickness 
of substrate may range from about 75 to 2,000 microns, preferably from about 150 to 
1,000 microns, and even more preferably from about 300 to 500 microns. In addition, 
the conformal electrically conductive layer of these further embodiments may consist 

20 essentially of one or more atomic deposition layers, wherein the one or more atomic 
deposition layers are formed by an atomic layer deposition (ALD) or an atomic layer 
epitaxy (ALE) technique. Accordingly, the conformal electrically conductive layer (or 
layers) may include the elements Ag, Au, Ir, Ni, Pt, Pd, Os, Ru, Rh, Re, W (as well as 
their oxides and nitrides), and various combinations thereof; preferably, however, the 

25 conformal electrically conductive layer includes a metal that consists essentially of a 
Platinum Group Metal such as Pt, Pd, Rh, Ru, Os, and Ir (as well as various 
combinations thereof). Moreover, the sheet resistivity of the conformal electrically 
conductive layer may range, depending upon its elemental components, from about 2.0 
HQ-cm to about 1,000 |iQ-cm. The thickness of the conformal electrically conductive 

30 layer preferably ranges from a single atomic layer up to about 2,500 A, and preferably 
from about 500 A to about 1,500 A. 
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In still further embodiments, the conformal electrically conductive layer 
may have deposited thereon a plurality of catalysts particles such as, for example, bi- 
metallic particles of platinum and ruthenium (i.e., bi-metallic catalysts particles derived 
from platinum and ruthenium precursors). The catalysts particles in these further 
5 embodiments may be either islands of nanocrystallites, an interconnected network of 
nanocrystallites, or a thin film. 

In another aspect, the present invention is directed to methods for 
making an electrode structure adapted for use with a fuel cell system. Accordingly, and 
in one embodiment, the inventive method comprises the steps of: introducing into a 

10 reaction chamber of an atomic deposition device a substrate having one or more 
discrete porous bulk matrix regions disposed across a top surface of the substrate, 
wherein each of the one or more discrete porous bulk matrix regions is defined by a 
plurality of pores that extend into or through the substrate, wherein the plurality of 
pores define inner pore surfaces; and sequentially introducing into the reaction chamber 

15 at least one precursor followed by a purge gas so as to deposit one or more atomic 
layers on at least the inner pore surfaces thereby defining an electrode structure having 
a conformal electrically conductive layer thereon. In some embodiments, the at least 
one precursor (e.g., reactant gas) and gas flow through the plurality of pores of the 
substrate. 

20 These and other aspects of the present invention will become more 

evident upon reference to the following detailed description and attached drawings. It 
is to be understood, however, that various changes, alterations, and substitutions may be 
made to the specific fuel cell electrode structures disclosed herein without departing 
from the essential spirit and scope of the present invention. In addition, it is to be 

25 further understood that the drawings are illustrative and symbolic representations of 
exemplary embodiments of the present invention (hence, they are not necessarily to 
scale). Finally, it is expressly provided that all of the various references cited herein are 
incorporated by reference in their entireties. 

BRIEF DESCRIPTION OF THE DRAWINGS 
30 Figure 1 illustrates a fuel cell system in accordance with the prior art. 



5 



WO 03/058734 PCT/US03/00166 



Figure 2A illustrates a top plan view of an electrode structure having a 
plurality of acicular pores in accordance with an embodiment of the present invention. 

Figure 2B illustrates a cross-sectional view of the electrode structure of 
Figure 2A, wherein the view is taken along line B-B of Figure 2A. 
5 Figure 2C illustrates a top perspective view of the electrode structure of 

Figures 2 A and 2B. 

Figure 3 is a magnified (1257x) perspective cross-sectional view of a 
portion of an etched silicon support structure showing an ordered array of acicular pores 
in accordance with an embodiment of the present invention. 
10 Figure 4 is a magnified (6946x) perspective cross-sectional view of a 

portion of an etched silicon support structure showing an ordered pair of acicular pores 
having a conformal film of Ru deposited thereon. 

Figure 5 is a magnified (65778x) side cross-sectional view of a portion 
of an etched silicon support structure showing an internal pore surface having a 
15 conformal film (about 174 nm thick) of Ru deposited thereon. 

Figure 6 is a magnified (4876x) perspective cross-sectional view of a 
portion of an etched silicon support structure showing an ordered pair of acicular pores 
having a conformal film of Ru deposited thereon, wherein the conformal film of Ru has 
a plurality of electro-deposited Pt-Ru catalyst particles thereon. 
20 Figure 7 is a magnified (78019x) side cross-sectional view of a portion 

of an etched silicon support structure showing an internal pore surface having a 
conformal film (about 137 nm thick) of Ru deposited thereon, wherein the conformal 
film of Ru has a plurality of electro-deposited Pt-Ru catalyst particles thereon. 

Figure 8 is a magnified (200000x) side cross-sectional view of a portion 
25 of an etched silicon support structure showing a plurality of deposited Pt catalyst 
particles formed by ALD with 100 process cycles of Trimethyl methylcyclopentadienyl 
platinum. 

Figure 9 shows a cyclic voltammogram of an exemplary porous 
electrode structure (1 cm x 1 cm porous area, 4.5 \xm in diameter and 450 ^im in depth) 
30 having a Ru layer made in accordance with Example 1 and a bimetallic catalyst system 
made in accordance with Example 5. The cyclic voltammogram was obtained at room 
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temperature in 2 M sulfuric acid at 10 mV/sec sweep rate using SCE reference 
electrode. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention relates generally to fuel cells and, more 
5 specifically, to porous fuel cell electrode structures, assemblies, and systems having a 
conformal metallic layer selectively deposited on one or more pore surfaces, as well as 
to various methods relating thereto. As is appreciated by those skilled in the fuel cell 
technology art, a fuel cell system generally comprises a stack of electrode assemblies 
(referred to as an electrode stack assembly), wherein each individual electrode assembly 

10 consists essentially of two opposing electrode structures, an anode and a cathode, 
ionically connected together via an interposing electrolyte. The electrode stack 
assembly of such fuel cell systems also generally includes a series of flow channels for 
flowing reactant streams adjacent to and/or through discrete regions of the electrode 
structures. A fuel cell system in accordance with the prior art is shown in Figure 1 

15 (details have been omitted). 

An exemplary embodiment of the present invention is shown in Figures 
2A-C, which drawings show an isolated electrode structure 200 (which structure is 
adapted for use with a fuel cell system). The electrode structure 200 in this 
embodiment comprises a substrate 210 (support structure) having one or more discrete 

20 porous bulk matrix regions 220 disposed across a top surface 230 of the substrate 210. 
In addition, each of the one or more discrete porous bulk matrix regions 220 is defined 
by a plurality of acicular or columnar pores 240 that extend through the substrate 210. 
The plurality of acicular or columnar pores define inner pore surfaces 250, and the inner 
pore surfaces 250 have a conformal electrically conductive layer (not shown) thereon. 

25 In some embodiments and as shown, the pores are substantially perpendicular to the top 
and bottom surfaces 230, 235 of the substrate 210. 

The substrate or support structure from which the electrode structures of 
the present invention may generally be derived from include noncarbonaceous solid 
materials such as, for example, monocrystalline silicon or a metal having an ordered 

30 crystal lattice structure (i.e., crystalline) and polycrystallione materials such as, for 



7 



WO 03/058734 



PCT/US03/00166 



example, Raney nickel or a reticulated or perforated metal plate. Alternatively, the 
substrate or support structure may be derived from a carbonaceous material such as, for 
example, graphite, a carbon-fiber paper, carbon foam, or a conductive polymer. In 
further embodiments, the substrate or support structure is a ceramic material such as, 
5 for example, a porous carbide, a porous nitride, or a porous oxide. In still further 
embodiments, the substrate or support structure is a foamed metal such as, for example, 
a Nickel foam, a Ruthenium foam, or a Rhodium foam. Preferably, however, the 
substrate of the present invention consists essentially of silicon (e.g., a support structure 
derived from a silicon wafer). 

10 Accordingly, and in one preferred embodiment, the substrate or support 

structure of the present invention is porous silicon (derived from a silicon wafer). In 
this regard, porous silicon substrates (and/or support structures) may be formed by 
silicon micro-machining and/or wet chemical techniques (employed by the 
semiconductor industry) such as, for example, anodic polarization of silicon in 

15 hydrofluoric acid. As is appreciated by those skilled in the art, the anodic polarization 
of silicon in hydrofluoric acid (HF) is a chemical dissolution technique and is generally 
referred to as HF anodic etching; this technique has been used in the semiconductor 
industry for wafer thinning, polishing, and the manufacture of thick porous silicon 
films. (See, e.g., Eijkel, et al., "A New Technology for Micromachining of Silicon: 

20 Dopant Selective HF Anodic Etching for the Realization of Low-Doped 
Monocrystalline Silicon Structures," IEEE Electron Device Ltrs., 77(12):588-589 
(1990); International Publication No. WO 01/37357 to Neah Power Systems, Inc.). In 
the context of the present invention, it is to be understood that the porous silicon may be 
nanoporous silicon (i.e., average pore size < 2 nm), mesoporous silicon (i.e., average 

25 pore size of 2 nm to 50 nm), or microporous silicon (i.e., average pore size > 50 nm); 
the pores may also be a series of parallelly aligned acicular or columnar pores that 
extend into or through the silicon substrate. Although the acicular pores may be angled, 
they are preferably substantially perpendicular to the surfaces of the substrate and 
generally have aspect ratios (heightrwidth) of greater than about 50: 1 . The aspect ratios 

30 of the acicular pores, however, may range from about 30:1 to about 1,000:1, and 
preferably from about 100:1 to about 500:1. 
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More specifically, porous silicon substrates useful in the context of the 
present invention may be formed by a photoelectrochemical HF anodic etching 
technique, wherein selected oxidation-dissolution of silicon occurs under a controlled 
current density. {See, e.g., Levy-Clement et al., "Porous n-silicon Produced by 
5 Photoelectrochemical Etching," Applied Surface Science, 65/66: 408-414 (1993); M.J. 
Eddowes, "Photoelectrochemical Etching of Three-Dimensional Structures in Silicon," 
J. of Electrochem. Soc, 737(1 1):35 14-3516 (1990).) An advantage of this relatively 
more sophisticated technique over others is that it is largely independent of the different 
principal crystallographic planes associated with single-crystal silicon wafers (whereas 

10 most anisotropic wet chemical etching methods have very significant differences in 
rates of etching along the different principal crystallographic planes). 

In another preferred embodiment, the conformal electrically conductive 
layer of the present invention may be selectively deposited on the one or more pore 
surfaces of the selected substrate or support structure by use of a sequential gas phase 

15 deposition technique such as, for example, atomic layer deposition (ALD) or atomic 
layer epitaxy (ALE). As with more traditional chemical vapor deposition (CVD) 
techniques, the reactants or precursors used with a sequential atomic deposition 
technique are introduced into a deposition or reaction chamber as gases. Unlike CVD, 
however, the reactants or precursors used are supplied in pulses, separated from each 

20 other (in the flow stream) by an intervening purge gas. Each reactant pulse chemically 
reacts with the substrate; and it is the chemical reactions between the reactants and the 
surface that makes sequential atomic deposition a self-limiting process that is inherently 
capable of achieving precise monolayer growth (see, e.g., Atomic Layer Deposition, 
T. Suntola and M. Simpson, Eds., Blackie and Sons (1990)). 

25 In this regard, solid thin films may be grown on heated substrates by 

exposing the heated substrate to a first evaporated gaseous element or compound, 
allowing a monolayer of the element to form on the surface of the substrate, and then 
removing the excess gas by evacuating the chamber with a vacuum pump (or by use of 
a purge gas such as Argon or Nitrogen). Next, a second evaporated gaseous element or 

30 compound may be introduced into the reaction chamber. The first and second 
elements/compounds can then combine to produce a solid thin compound monolayer 
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film. Once the monolayer film has been formed, any excess second evaporated gaseous 
element or compound may be removed by again evacuating the chamber with the 
vacuum pump. The desired film thickness may be built up by repeating the process 
cycle many {e.g., hundreds or thousands) of times. Accordingly, such atomic 
5 deposition techniques may be used to deposit on an electrode support structure (e.g., 
silicon or other appropriately selected substrate) a variety of materials, including group 
II-VI and III-V compound semiconductors, elemental silicon, Si0 2 , and various metal 
oxides and nitrides thereof In one preferred embodiment, however, an atomic layer 
deposition (ALD) technique is used to selectively deposit on the pore surfaces of a 

10 porous silicon support structure a conformal electrically conductive layer that consists 
essentially of a Platinum Group Metal such as Pt, Pd, Rh, Ru, Os, and Ir (as well as 
various combinations thereof). The thickness of the conformal electrically conductive 
layer preferably ranges from a single atomic layer up to about 2,500 A, and preferably 
from about 500 A to about 1,500 A. The conformal electrically conductive layer 

15 enhances electrical conductivity (between the electrons released on the catalyst as a 
result of electrochemical oxidation-reduction reactions), and may also function as a 
catalyst. 

Moreover, and as noted above, atomic deposition techniques may also be 
used to deposit a film or layer containing a metal and a non-metal such as, for example, 

20 O or N. In such a scenario, the first reactant pulse may contain the metal and the 
second reactant pulse the non-metal. The first pulse deposits a metal-containing layer, 
and the reactant of the second pulse reacts with that layer to form the complete film of 
metal oxide or metal nitride. Both reactants react chemically with the surface on which 
they deposit, and each reaction is self-limiting. In this way, film or layer thicknesses 

25 may be controlled to within a monolayer solely by limiting the number of pulses. In 
addition to being extremely uniform and conformal, the deposited films may be 
amorphous, epitaxial or polycrystalline. In the context of the present invention, the 
deposition rate of the atomic deposition process is preferably about one atomic layer per 
cycle and the reaction temperature preferably ranges from about 200-400°C. 

30 A suitable device for depositing a thin film material one layer at a time 

by the application of two or more separate precursor compounds has been described in 
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the art {see, e.g., U.S. Patent No. 6,342,277 to Sherman). As is appreciated by those 
skilled in the art, ALD processes may be performed in many kinds of reactors over a 
wide pressure range from atmospheric to ultrahigh vacuum (UHV). Although ALD 
processes are relatively new techniques, ALD reactors have generally been divided into 
5 two groups: inert gas flow reactors operating under viscous or transition flow 
conditions at pressures higher than about 1 Torr, and high- or ultrahigh-vacuum reactors 
with molecular flow conditions. The former resemble CVD reactors while the latter are 
like molecular beam epitaxy (MBE) reactors. A suitable ALD reactor useful in the 
context of the present invention is commercially available from ASM Microchemistry 
10 Ltd., Finland. 

The first reactant (introduced into a suitable ALD reactor) may be a 
compound having the elements of the monolayer to be formed on the target part or 
substrate such as, for example, the precursors listed below and in the Examples set forth 
herein. In some embodiments, suitable metal precursors for forming Ru and Ru0 2 

15 conductive layers may include one or more of the following: (1) 
Dodecacarbonyltriruthenium (Ru 3 (CO)i 2 ); (2) Bis (2,2,6,6-tetramethyl-3,5- 
heptanedionato) (1,5-cyclooctadiene) ruthenium (II) (Ru(CnHi90 2 ) 2 (C 8 Hi 2 )); (3) Bis 
(ethylcyclopentadienyl) ruthenium (II) (Ru[(CH 3 CH2)C 5 H4]2); (4) Ruthenium (III) 
ethoxide, (Ru(OC 2 H 5 )3); (5) Biscyclopentadienylruthenium [Ruthenocene] (Ru(C 5 H 5 )2); 

20 (6) Ruthenium (111) acetylacetonate (Ru(CH 3 COCHCOCH 3 ) 3 ); (7) Tris (2,2,6,6- 
tetramethyl-3,5-heptanedionate) ruthenium (III) (Ru(TMHD) 3 ), Ru(C n H 19 0 2 ) 3 ; and (8) 
Ruthenium (III) chloride (RuCl 3 ). In addition to the above, other compounds may also 
be volatilized and used as a precursor - other compounds such as, for example, pure 
metals, metal halides and oxychlorides, p-diketonates, and metal alkoxides and acetates, 

25 as well as metallocenes. (The various precursors listed above and herein are generally 
available from Strem Chemicals, Inc., Newburyport, Maine.) 

Regardless of the precursor selected, the type and character of deposited 
film is generally determined by the number and sequence of reactants used. For 
example, if a ternary film is desired, the ALD process system would include three 

30 separate precursors. In other embodiments, one of the separate reactants may contain 
H 2 , 0 2 , H 2 0, or H 2 0 2 . In still other embodiments, a metal oxide layer or thin film may 
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first be deposited followed by reduction with H 2 to yield the metal. In either case, a 
conventional digital microcontroller is generally used to sequence the delivery of the 
reactants to the ALD reaction chamber at the appropriate times. 

In still further embodiments of the present invention, the conformal 
5 electrically conductive layer may have deposited thereon a plurality of catalyst particles 
such as, for example, bi-metallic particles of platinum and ruthenium (i.e., chemisorbed 
bi-metallic catalyst particles derived from platinum and ruthenium precursors). For 
example, a plurality of catalyst particles may be deposited on the conformal electrically 
conductive layer by an appropriate deposition method such as, for example, an 

10 electroless deposition method, an electro-deposition method, and an ALD method. 
With regards to the electroless deposition methods, catalyst particles may be formed by 
chemical reduction of metal salts and/or complexes such as, for example, Dihydrogen 
hexachloroplatinate (IV) (H 2 PtCI 6 ) and Ruthenium (III) chloride (RuCl 3 ). With regards 
to the electro-deposition methods, catalyst particles may be formed by use of 

15 appropriately selected plating solutions. In this regard, a plating solution for making an 
anode structure may be comprised of: (a) 0.015 to 0.05 M solution of Pt (added as 
H 2 PtCI 6 -nH 2 0) in 1-2 M H 2 S0 4 solution; and (b) 0.015 to 0.05 M solution of Ru (added 
as RuCl 3 -nH 2 0) in 1-2 M H 2 S0 4 solution; and wherein ethanol is added to (a) and (b) to 
result in a 25-50 vol. % mixture (preferably about 25%). A plating solution for making 

20 a cathode structure may be comprised of: (a) 0.015 to 0.05 M solution of Pt (added as 
H 2 PtCl 6 -nH 2 0) in 1-2 M H 2 S0 4 solution; and (b) 0.015 to 0.4 M solution of Ru (added 
as RuCb-nH 2 0) in 1-2 M H 2 S0 4 solution; and wherein ethanol is added to (a) and (b) to 
result in a 25-50 vol % mixture (preferably 25%). The above plating solutions may 
have other components added to enhance plating on the high aspect ratio porous silicon 

25 support structures disclosed herein, such as complexing agents (e.g., EDTA), 
brighteners, or inhibitors, many of which are purchased from plating vendors with 
proprietary formulations. 

The appropriately selected plating solution may generally be delivered 
(via standard microfluidic tubing and connections) through a properly positioned porous 

30 support structure at a flow rate of 0.05 to 0.25 mL/min (preferably 0.08 mL/min), while 
holding the sample potentiostatically at -0.05 to -0.25 V vs. Ag/AgCl reference 
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electrode (preferably -0.075 to 0.125 V vs. Ag/AgCI) for a duration of about 30 to 90 
minutes (preferably 80 minutes) such that the total charge delivered to the structure is 
about 80 to 120 C (preferably about 100 C). Alternatively, the plating solution may be 
delivered through the porous support structure at a flow rate of about 0.05 to 0.25 
5 mL/min (preferably 0.08 mL/min) while holding the structure galvanostatically at -0.05 
to -0.25 V vs. Ag/AgCI reference electrode (preferably -0.075 to 0.125 V vs. Ag/AgCI) 
for a duration of about 30 to 90 minutes (preferably about 80 minutes) such that the 
total charge delivered to the structure is about 80 to 120 C (preferably about 100 C). 

In addition to a contiguous layer, the deposited catalyst particles of the 

10 present invention may comprise either islands of nanocrystallites or an interconnected 
network of nanocrystallites. In this regard, island formation may be controlled to a 
large extent by increasing or decreasing the number of bonding sites on the surface of 
the underlying substrate or support structure. For example, metal concentration on the 
surface may be decreased by reducing the number of bonding sites by either 

15 dehydroxylation (heat treatment) or chemical blocking of the bonding sites with, for 
example, hexamethyldisilazane (HMDS) (E. Lakomaa, "Atomic Layer Epitaxy (ALE) 
on Porous Substrates," J. Applied Surface Science 75:185-196 (1994)). In some 
embodiments, suitable precursors for forming Pt nanocrystallites may include one or 
more of the following: (1) Platinum (II) hexafluoroacetaylacetonate 

20 (Pt(CF 3 COCHCOCF 3 )2); (2) Dimethyl(l,5-cyclooctadiene) platinum (II) 
((CH 3 )2Pt(CgHi2)); (3) Trimethyl(methylcyclopentadienyl) platinum 

(CH 3 C 5 H4Pt(CH3)3); (4) Platinum (II) acetylacetonate (Pt(CH 3 COCHCOCH 3 ) 2 ); and (5) 
Dihydrogen hexachloroplatinate (IV) (H 2 PtCI 6 ). 

Nano-crystallites of Platinum and Ruthenium (as opposed to a 

25 contiguous film) may also be deposited by an ALD method. Although ALD growth 
theoretically should proceed in a layer-by-layer fashion, phenomena of island formation 
or nucleation of agglomerates during early stages of ALD growth have been reported 
(T. Suntola, Surface chemistry of materials deposition at atomic layer level* Appl. Surf. 
Sci. 100/101 (1996) 391-398). It is, therefore, possible to encourage island formation 

30 and thus growth of nano-sized particles by controlling surface saturation density of the 
metal precursor in several different ways. One way is to increase the size of the 
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precursor molecule, in other words, choosing a Ruthenium and/or Platinum metal 
precursor with bulky ligands to increase the spacing between the resulting metal atoms 
thus reducing the metal density. One example of such a precursor is Bis(2,2,6,6- 
tetramethyl-3,5 heptanedionato)( 1 ,5-cyclooctadiene)ruthenium (II), 

5 Ru(CnHi902)2(C8Hi 2 ). Another way is to limit the pulse time of the metal precursor 
such that surface saturation does not proceed to completion. Once the nano-crystallites 
are formed, the number of cycles applied in a run may also be limited so as to prevent 
crystallites or agglomerates from growing laterally into a contiguous film. 

In addition and as appreciated by those skilled in the art, catalyst activity 

10 and stability at the anode of a direct methanol fuel cell is generally a function of the 
Platinum to Ruthenium ratio. Therefore, it is generally important to be able to vary this 
ratio at the atomic level and in a homogeneous manner. This may be achieved by ALD, 
more specifically, by alternating pulses of platinum and ruthenium precursors separated 
by their respective oxygen and purging gas pulses. The relative frequencies and 

15 respective durations of the platinum and ruthenium precursor pulses may then be 
optimized to result in a desired platinum-to-ruthenium ratio. For example, each ALD 
cycle could deposit two atomic layers of platinum followed by one atomic layer of 
ruthenium to yield platinum-rich catalysts. 

Finally, a porous coating may be applied on a porous silicon substrate or 

20 support structure prior to atomic layer deposition of electro-catalysts thereby further 
increasing the catalytically active surface area of the electrode. Examples of such 
coatings include electro-deposited metal layers and porous oxide coatings. A micro or 
nanoporous silica film may be formed on the pore surfaces of the electrode structure, 
for example, by hydrolysis and condensation of tetraethyl orthosilicate (TEOS) 

25 followed by appropriate heat treatment. 

For purposes of illustration and not limitation, the following examples 
more specifically disclose various aspects of the present invention. 

EXAMPLES 

Examples 1-5 disclose, among other things, general processing steps 
30 associated with making various electrode structures adapted for use with a fuel cell 
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system, wherein each electrode structure comprises a silicon substrate having a plurality 
of acicular or columnar pores that extend through the substrate, wherein each of the 
plurality of pores has one or more atomic layers of an electrically conductive material 
deposited thereon. 

5 

EXAMPLE 1 

ALD Deposition of a Conformal, Well-Adhered 
Ruthenium Layer within the Pores of Porous Silicon 

10 An etched silicon wafer electrode support structure having a plurality of 

acicular pores of about 500 pm in depth and about 5 \im in pore diameter was first 
oxidized by exposure to water vapor at 500*C to form a fresh silicon oxide layer (the 
oxide layer provided a clean and homogeneous surface for subsequent ruthenium 
deposition, thus promoting uniformity and improving adhesion of the ruthenium film). 

15 Bis(cyclopentadienyl)ruthenium maintained at 60°C and oxygen gas were used as 
precursors for ruthenium deposition. Nitrogen was used as both the precursor carrier 
and the purge gas. In order to enhance access of reactants to the pores, the porous 
support structure was situated perpendicular to the flow of reactants in the reaction 
chamber. The reaction temperature was maintained at about 350°C and the pressure 

20 was maintained at 2mbar. Each reaction cycle consisted of alternating pulses of 
bis(cyclopentadienyl)ruthenium and oxygen gas separated by the purge gas. The pulse 
duration of both the ruthenium precursor and oxygen gas was about 6.0 seconds and the 
purge duration was about 9.0 seconds. The number of reaction cycles selected 
determined the thickness of film deposited. 

25 

EXAMPLE 2 
ALD Deposition of a Conformal, Well-Adhered 
Platinum Layer within the Pores of Porous Silicon 

30 Same as Example I except that Trimethyl methylcyclopentadienyl 

platinum and oxygen were selected as the precursors. In this example, the platinum 
precursor and oxygen were separately pulsed through the reaction chamber with 
intervening nitrogen purging steps. The reaction temperature was set to about 300°C. 
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The pulse duration was about 6.0 second for trimethyl methylcyclopentadienyi platinum 
and about 6.0 second for O2, whereas the separating purging pulses of argon at were 
about 9.0 seconds in duration. 

5 EXAMPLE 3 

ALD Deposition of a Bimetallic Anode Catalyst System 
within the Pores of Porous Silicon having an Underlying Ruthenium Layer 
to yield Platinum Nanocrystallites 

10 An electrode support structure having an underlying Ruthenium layer as 

in Example 1 was provided. Platinum nanocrystallites were subsequently deposited by 
limiting the number of reaction cycles to about 100 cycles, yielding islands of platinum 
particles between 2-20nm in size. Each cycle consisted of alternating pulses of 
trimethyl methylcyclopentadienyi platinum and oxygen gas with durations of about 10 

15 seconds, separated by pulses of the purge gas with durations of about 20 seconds. 

EXAMPLE 4 

ALD Deposition of a Bimetallic Anode Catalyst System 
within the Pores of Porous Silicon having an Underlying Ruthenium Layer 

20 

An electrode support structure having an underlying Ruthenium layer as 
in Example 1 was provided. Bis(cyc!opentadienyl)ruthenium maintained at 60°C and 
oxygen gas were used as precursors for ruthenium deposition. Trimethyl 
methylcyclopentadienyi platinum maintained at room temperature and oxygen were 

25 used as the precursors for platinum deposition. Nitrogen was used as both the precursor 
carrier and the purge gas. The reactor used was a hot-wall flow-type F-120 ALD 
reactor (ASM Microchemistry Ltd., Finland). In order to enhance access of reactants to 
the pores, the porous support structure was situated perpendicular to the flow of 
reactants in the reaction chamber. The reaction temperature was maintained at about 

30 350°C and the pressure was maintained at about 2 mbar. Each reaction cycle consisted 
of one or more alternating pulses of bis(cyclopentadienyl)ruthenium and oxygen gas 
separated by the purge gas, and one or more alternating pulses of trimethyl 
methylcyclopentadienyi and oxygen gas separated by the purge gas. The pulse duration 
for trimethyl methylcyclopentadienyi platinum, bis(cyclopentadienyl)ruthenium and 
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oxygen was about 6.0 seconds, whereas the separating purging pulses of nitrogen were 
about 9.0 seconds. The relative frequencies and respective durations of the platinum 
and ruthenium precursor pulses were then be optimized to result in a desired platinum- 
to-ruthenium ratio. In this regard, each ALD cycle deposited two atomic layers of 
5 platinum followed by one atomic layer of ruthenium to yield a platinum-rich catalyst 
system. 

EXAMPLE 5 

Electro-Deposition of a Bimetallic Anode Catalyst System 
10 within the Pores of Porous Silicon having an Underlying Ruthenium Layer 

An electrode support structure having an underlying Ruthenium layer as 
in Example 1 was provided. The Ruthenium coated electrode structure was then 
mounted into specially designed apparatus to ensure a fluidic seal and electrical contact. 

15 A flow restrictor layer (i.e., PTFE membrane, 10 urn average pore size) was placed over 
the porous support structure on the incoming flow side. The apparatus was then 
connected to a syringe pump through standard microfluidic connections. Prior to 
flowing the plating solution through the porous support structure at about 0.08 mL/min, 
the plating solution was degassed in Argon for about 20 minutes. The plating solution 

20 consisted essentially of a 0.025 M solution of Pt (added as H 2 PtCl 6 -nH 2 0) in 1-2 M 
H 2 S0 4 solution together with a 0.025 M solution of Ru (added as RuCl 3 -nH 2 0) in 1-2 
M H 2 S0 4 solution, and wherein ethanol was added to result in a 25 vol. % mixture. 
While the plating solution was passing through the support structure, the structure was 
potentiostatically held at -0.075 to 0.125 V vs. Ag/AgCl reference electrode for a 

25 duration of about 80 minutes such that the total charge delivered to the structure was 
about 100 C. 

While the present invention has been described in the context of the 
embodiments illustrated and described herein, the invention may be embodied in other 
30 specific ways or in other specific forms without departing from its spirit or essential 
characteristics. Therefore, the described embodiments are to be considered in all 
respects as illustrative and not restrictive. The scope of the invention is, therefore, 
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indicated by the appended claims rather than by the foregoing description, and all 
changes that come within the meaning and range of equivalency of the claims are to be 
embraced within their scope. 
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CLAIMS 

1. An electrode structure adapted for use with a fuel cell system, the 
electrode structure comprising a substrate having one or more discrete porous regions 
disposed across a top surface of the substrate, wherein each of the one or more discrete 
porous regions is defined by a plurality of pores that extend through the substrate, wherein 
the plurality of pores define inner pore surfaces, and wherein the inner pore surfaces have a 
conformal electrically conductive layer thereon. 

2. The electrode structure of claim 1 wherein the fuel cell system is a 
direct methanol fuel cell system. 

3. The electrode structure of claim 1 wherein the plurality of pores are 
mesoporous acicular pores, macroporous acicular pores, or a combination thereof 

4. The electrode structure of claim 1 wherein each of the plurality of 
pores has a diameter ranging from about 0.5 to about 10 microns. 

5. The electrode structure of claim 1 wherein the substrate is derived 
from a noncarbonaceous solid material. 

6. The electrode structure of claim 1 wherein the substrate has opposing 
top and bottom surfaces, wherein the opposing top and bottom surfaces are positioned apart 
from each other a distance ranging from about 300 to about 500 microns. 

7. The electrode structure of claim 1 wherein the substrate consists 
essentially of silicon. 

8. The electrode structure of claim 1 wherein the substrate is derived 
from a silicon wafer. 
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9. The electrode structure of claim i wherein the plurality of pores are 
acicular pores having aspect ratios of greater than about 50: 1 

10. The electrode structure of claim 1 wherein the conformal electrically 
conductive layer consists essentially of one or more atomic deposition layers, wherein the one 
or more atomic deposition layers are formed by an atomic layer deposition technique. 

11. The electrode structure of claim 1 wherein the conformal electrically 
conductive layer includes a metal that consists essentially of one or more Platinum Group 
Metals. 

12. The electrode structure of claim 1 wherein the conformal electrically 
conductive layer consists essentially of Ruthenium. 

13. The electrode structure of claim 1 wherein the conformal electrically 
conductive layer is derived from a precursor selected from one or more of Ru 3 (CO)i 2 , 
Ru(CnH l9 0 2 ) 2 (C8H 12 ), Ru[(CH 3 CH 2 )C 5 H 4 ]2, Ru(OC 2 H 5 ) 3 , Ru(C 2 H 5 )(C 5 H 5 ) 2 , Ru(C 5 H 5 ) 2> 
Ru(CH 3 COCHCOCH 3 ) 3 , Ru(C,,H,q0 2 ) 3> and RuCI 3 . 

14. The electrode structure of claim 1 wherein the conformal electrically 
conductive layer has a thickness ranging from about 50 A to about 2,500 A. 

15. The electrode structure of claim I wherein the conformal electrically 
conductive layer has an electrical resistivity ranging from about 2.0 nQ-cm to about 1,000 
u£2-cm. 

16. The electrode structure of claim 1, further comprising a plurality of 
catalyst particles dispersed across a surface of the conformal electrically conductive layer. 
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17. The electrode structure of claim 16 wherein the plurality of catalyst 
particles consists essentially of bi-metallic particles derived from platinum and ruthenium 
precursors. 

18. A method for making an electrode structure adapted for use with a fuel 
cell system, the method comprising the steps of: 

introducing into a reaction chamber of an ALD device a substrate having one 
or more discrete porous bulk matrix regions disposed across a top surface of the substrate, 
wherein each of the one or more discrete porous bulk matrix regions is defined by a plurality 
of pores that extend into or through the substrate, wherein the plurality of pores define inner 
pore surfaces; and 

sequentially introducing into the reaction chamber at least one precursor 
followed by a purge gas so as to deposit one or more atomic layers on at least the inner pore 
surfaces thereby defining an electrode structure having a conformal electrical conductive 
layer thereon. 

19. A support structure derived from a silicon wafer, comprising a 
plurality of pores disposed across a portion of a top surface of the support structure, wherein 
the plurality of pores have aspect ratios of greater than about 50:1 and define inner pore 
surfaces, wherein the inner pore surfaces have a conformal electrically conductive layer 
thereon, and wherein the conformal electrically conductive layer consists essentially of one or 
more Platinum Group Metals. 

20. The support structure of claim 19, further comprising a plurality of 
catalyst particles dispersed on the conformal electrically conductive layer. 
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